The short region in the genome of herpes simplex virus type 1 contains a contiguous array of five genes (US4, US5, US6, US7 and US8) which encode known or proposed virion-surface glycoprotein species. Counterparts for certain of these have been described in the genomes of other alphaherpesviruses, namely herpes simplex virus type 2, pseudorabies virus and varicellazoster virus. Within each of the US4-, US6-and US7-related sets, the amino acid sequences are most conserved in a region containing several cysteine residues. Comparisons in this region among the three sets were carried out by first aligning three cysteine residues which were very similarly placed in each set, and a number of other similarities were then visible. It was concluded that the US4, US6 and US7 sets of genes are related, and thus have evolved by duplication and divergence. The US8-related sequences are distinct from the US4, US6 and US7 sequences, although possible signs of a distant relationship were detected. The US8 set contains two clusters ofcysteine residues, and the sequences around these show some similarity, which was interpreted as evidence for occurrence of an intramolecular duplication event.
Introduction
Herpes simplex virus type 1 (HSV-1) is known to encode at least seven virion surface glycoprotein species (see Spear, 1985; Marsden, 1987; McGeoch et al., 1988) . The genes for three of these are located in the long region (L) of the virus genome and are widely separated; these are genes UL22, UL27 and UL44, encoding proteins gH, gB and gC respectively. However, the genes for the remaining four proteins (gG, gD, gI and gE, encoded by US4, US6, US7 and US8) form a contiguous, similarly oriented array in the short region (S) of the genome, together with gene US5, which is proposed to encode a small glycoprotein but for which no gene product has yet been identified (McGeoch et al., 1985; McGeoch, 1985) . Two of the L-encoded glycoproteins, gH and gB, are known to be essential for virus infectivity (Desai et al., 1988; Cai et al., 1988) . Of the S-encoded proteins, gD is considered essential, but the genes for the remainder can be disrupted to give virus strains which are viable in tissue culture (Longnecker & Roizman, 1987; Weber et al., 1987; Ligas & Johnson, 1988; Neidhardt et aL, 1987) . Although roles for some of the glycoproteins have been partially defined, in no case has the function of an HSV glycoprotein yet been well worked out (see Marsden, 1987 ).
An obvious mode by which the glycoprotein genes in S might have evolved is by duplication and divergence. However, when we first described the DNA sequence and gene organization in this region we were unable to detect any convincing similarities between predicted amino acid sequences to support such a history (McGeoch et al., 1985) . Since then sequence data have been published for the corresponding parts of other herpesvirus genomes, namely herpes simplex virus type 2 (HSV-2; McGeoch et al., 1987) and pseudorabies virus (PRV; Rea et al., 1985; Petrovskis et al., 1986a, b) . HSV-2 has versions of genes US4, US5, US6, US7 and US8, and PRV has counterparts of US4, US6, US7 and US8. In addition, the sequence of the corresponding region in the genome of varicella-zoster virus (VZV) was published earlier; this has genes corresponding to US7 and US8 but lacks counterparts of US4, US5 and US6 (Davison, 1983; Davison & Scott, 1986) . These additional sequences allow a better view of conserved and variable features of the sets of amino acid sequences. This paper presents an analysis showing that low level but convincing similarities in amino acid sequences do 0000-9650 © 1990 SGM US4 gG-1
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100 amino acids Fig. 1 . Organization of S region glycoprotein sequences. Each of the amino acid sequences of glycoproteins in the US4-, US5-, US6-, US7-and US8-related sets from HSV-1, HSV-2, PRV and VZV is represented as a box with the N terminus at the left. Hydrophobic regions associated with signal sequences and transmembrane sequences are shaded, and locations of Cys residues marked by heavy lines. The scale is indicated by a bar equivalent to 100 residues.
exist among the US4-related, the US6-related and the US7-related sets of genes, arguing for a common evolutionary origin. In addition, the US8-related genes appear to specify two related domains, which may be distantly related to the US4, US6 and US7 sequences. 
Methods
Protein sequence data were examined using the University of Wisconsin program set running in a VAX/VMS system (Devereux et al., 1984) . Sequence databases used were the NBRF (release 22) and Swissprot (release 12) libraries. 
Results

Features of US4, US6 and US7 sets of proteins
Fig. 1 summarizes certain features of the amino acid sequences of the proteins encoded by HSV-1 genes US4, US5, US6, US7 and US8, and of their counterparts in HSV-2, PRV and VZV. The HSV-1 and HSV-2 US5 putative gene products, which are small (92 amino acids), are not treated further in this paper. Only part of the HSV-2 US8 sequence is known (McGeoch et al., 1987) . For comparison, Fig. 2 presents similar diagrams for the three HSV-1 glycoproteins encoded in the L region. All of these sequences contain N-terminal signal sequences and C-proximal transmembrane regions. Amino acid sequence numbering for whole proteins in this paper starts from proposed translation-initiating Met residues, thus ignoring any processing of N-terminal signal sequences.
Three sequences for homologous genes in the US4-related set are known, namely those for HSV-1, HSV-2 and PRV. The corresponding amino acid sequences are widely disparate in length: gG-1 contains 238 amino acids, gG-2 699 and PRV gX 498. Relationships among these sequences have been described previously (McGeoch et al., 1987) . Much of the gG-1 sequence, distal to the N-terminal signal sequence, is similar to a region adjacent to the C terminus of the much larger gG-2. However, gG2 and PRV gX show similarity in a region near their N termini, for which there is no counterpart in gG-1. This corresponds to residues 120 to 166 for gG-2, and 98 to 145 for gX (see Fig. 3 ). These observations were interpreted as showing that the three genes represent corresponding elements in the three genomes but that they have diverged widely, with the US4 gene in the HSV-1 lineage having undergone a major deletion. The three amino acid sequences in the US6 set all have similar lengths: 394 residues in gD-1, 393 in gD-2 and 402 in PRV gp50. The gD-1 and gD-2 sequences are closely similar throughout. Similarity between PRV gp50 and the HSV sequences was previously noted by Petrovskis et al. (1968 a) . The region of greatest similarity lies between gD-1 (and gD-2) residues 123 and 193, and PRV gp50 residues 97 and 168 (see Fig. 3 ).
In the US7 set, the amino acid sequence lengths are moderately close: gI-1, 390 residues; gI-2, 372; PRV gp63, 350 and VZV gpIV, 354. Again the regions of greatest similarity lie near the N termini, at gI-1 (and gI-2) residues 69 to 134, PRV gp63 73 to 137 and VZV gpIV 67 to 133 (see Fig. 3 ) (McGeoch et al., 1985 ; Petrovskis et al., 1986b) .
A related domain in proteins of the US4, US6
and US7 sets Fig. 1 shows that each of the US4, US6 and US7 sets of amino acid sequences exhibits a characteristic pattern of Cys residues in the mature virion-surface region of the polypeptide between the signal and transmembrane sequences. The US6 sequences each have six Cys residues, in a '1-3-2' pattern (see Fig. 1 ). The US7 sequences each have four Cys residues, in a '3-1' pattern.
Within the US4 set the pattern is less constant, but again a grouping of three closely spaced Cys residues occurs in both gG-2 and gX; the corresponding region of polypeptide is absent from gG-1. It turns out that for each set the region of greatest similarity among members, described above, contains the group of three Cys residues, and in Fig. 3 the sequences have been arranged so that these Cys residues are each in alignment across the three sets. In all cases the first and second Cys residues in the group are 12 residues apart. In the US4 and US7 sets the second and third Cys residues are 11 residues apart, and in the US6 set they are nine apart, so that two padding characters have been inserted between these Cys residues in the US6 sequences in Fig. 3 .
With this alignment, it can be seen that in addition to the Cys residues there are a number of local features of the sequences which are similar between two of the sets or among all three. Further padding characters have been inserted in the Fig. 3 sequences to maximize these correspondences. To discuss these alignments a local numbering system is used, starting with the N-terminal residues shown in Fig. 3 . At position 2, all but one of the sequences have a Tyr residue. At positions 4 to 10, the sequence of PRV gX (in the US4 set) is more similar to the two HSV US6 sequences than to the HSV-2 US4 sequence. At positions 9 and 10, most of the sequences contain aromatic residues. At positions 25 and 26, the sequence Glu-Tyr is present in all of the US6 set, and in the PRV members of the US4 and US7 sets. At position 30, all of the US7 set have a Pro residue, as do one each of the US4 and US6 sets. There are also a number of other partial correspondences. The similarity between this region in the US4 sequences and in US6 gD was noted previously (McGeoch et al., 1987) .
From these observations it is proposed that the US4, US6 and US7 gene sets all encode an evolutionarily related polypeptide domain encompassing the grouping of three closely spaced Cys residues. From inspection of the patterns of Cys residues it is proposed that the amino acid chain comprising this domain starts close to the signal sequence and ends 150 to 200 residues distant, downstream of the distal Cys residues within the virion surface regions of members of the US6 and US7 sets, and of HSV-2 US4. In the case of PRV gX there are an additional two Cys residues distal and within the virionsurface region, which would be excluded from the proposed domain (see Fig. 1 ).
The Cys residues in the virion-surface parts of the polypeptides are expected to be engaged in disulphide bonds. All of the sequences have even numbers of Cys residues in their virion-surface parts (assuming Cys residues in or very close to the N-terminal signal sequences are lost by processing), which would be consistent with all the Cys residues participating in intramolecular disulphide bonds. Since the sequences contain either four or six Cys residues in the proposed domain, there must exist at least two variants of bonding pattern.
Membrane-proximal regions of the US4, US6 and US7 proteins
This section treats the remaining major virion-surface parts of the sequences, lying between the Cys-containing domain and the transmembrane element. The outstanding characteristic of these parts is their variability, in primary sequence and also length. In the US4 set, HSV-2 gG and PRV gX show no distinct sequence similarity downstream of the Cys-containing domain, gG-2 has an extended region containing a high level of Ser and Thr residues (amino acids 347 to 537 are 32~ Ser and Thr), which does not have a strong counterpart in gX. gG-2 is very heavily O-glycosylated, and this region is presumed to contain most of the sites for O-glycosylation (SerafiniCessi et al., 1985; McGeoch et al., 1987) . In the US6 set, the PRV gp50 sequence shows little similarity to the HSV gD sequences downstream of the Cys-containing domain, and a similar result is seen in the US7 set when HSV and PRV, HSV and VZV, or PRV and VZV sequences are compared. Several of the sequences contain repetitive elements in this region, notably gG-2, gX and gI-1.
It is proposed that these downstream regions of the glycoproteins' virion-surface portions form 'stalks' between the membrane anchor and the disulphidebonded 'head' domains. The stalks are envisaged as being relatively extended structures. A number of aspects of the amino acid sequences support this proposal, including the relatively hydrophilic nature of these sequences, the occurrence of repeated sequences and, in some cases (notably gG-2, followed by gI-1), the presence of Ser-and Thr-rich regions which are probably O-glycosylation targets, gG-2 would then have a particularly extended and heavily O-glycosylated stalk, whereas gG-1 would form a stalk (also probably heavily Oglycosylated as judged from its Set and Thr content) but would have no head domain.
Features of the US8 set of proteins
In the US8-related set, three complete sequences are available (for HSV-1, PRV and VZV) plus one partial sequence (for HSV-2). The lengths of the complete sequences are: HSV-1, 500 residues; PRV, 577; VZV, 623. Comparing the HSV-1 and PRV polypeptides, the strongest similarity is shown by a region in the middle of the sequences (residues 233 to 379 for HSV-1 gE, and 235 to 374 for PRV gI). In the VZV gpI sequence there is also a similar sequence, located at residues 347 to 498.
As shown in Fig. 1 , the US8 sequences exhibit distinctive patterns of Cys residues. In both the PRV and VZV sequences there are two clusters of closely spaced Cys residues, the N-proximal containing four and the Cproximal six Cys residues. The first of these ('Region 1') is poorly conserved in the HSV sequences, which contain only two Cys residues at the corresponding location. The N-distal group ('Region 2') is well conserved in the HSV-1 sequence, and lies within the section of strong similarity mentioned above.
The distributions of Cys residues in the US8-related polypeptides resemble those previously discussed for the US4, US6 and US7 sets insofar as there is a marked tendency towards occurrence in closely spaced groups. The US8 patterns do not, however, show detailed similarity to the others. By way of contrast, the sequences for the other HSV-1 glycoproteins, gH, gB and gC (Fig.  2) , exhibit much more even distributions of Cys residues.
Possible gene duplication involving a US8 progenitor
The fact that the US8-related sequences show two groups of Cys residues prompted two questions. First, are the details of the sequences in the two Cys-containing regions similar? That is, might a progenitor of the US8 . Alignment of Cys-containing Region 1 and Region 2 from the US8-related proteins. Region 1 and Region 2 of the US8-related sequences are separately aligned and the spacing of Cys residues is indicated, as described for Fig. 3 . In the consensus for Region 1, partially conserved Cys residues are in lower case letters.
gene have undergone a partial, internal duplication? Second, given that glycoprotein-specifying genes immediately adjacent to the US8 gene have been involved in duplication events, is it possible that the US8 Cyscontaining sequences are indeed related to the US4, US6 and US7 sequences, but have diverged to the extent that their Cys patterns are no longer very similar? This section addresses these questions. Separate alignments of the US8 Region 1 and Region 2 sequences are shown in Fig. 4 . Comparison of the two sets of sequences revealed some possible correspondences between them apart from the Cys residues. However, these were not sufficiently pronounced to allow for a convincing alignment between the two sets (in the manner of Fig. 3 ). Apart from a number of similarities based on isolated single residues, the following were noted. Firstly, the initial five residues shown in both sets show similarities, in their content of aromatic and hydrophobic residues. Secondly, for the fourth Cys in each set (local numbering: 33 to 37 in Region 1, 34 to 38 in Region 2), Region 1 of both HSV-1 and HSV-2 has the sequence VDAAC and Region 2 of PRV gI has the sequence VDPAC. Another view of the two sets is given by the very similar spacing of the first four Cys residues in each (see Fig. 4 ).
These are low-level similarities. However, the levels of conservation among the sequences within each of these regions are also restricted. Thus, if the two regions had emerged from a duplication event before divergence of HSV, PRV and VZV, it would be reasonable and even expected to find only minimal similarity between the regions in the present day sequences. My evaluation is that the similarities seen do represent tentative evidence that the sequences of Region 1 and Region 2 are evolutionarily related.
When the US8 Cys-containing sequences in Fig. 4 are compared with those of US4, US6 and US7 in Fig. 3 , with the first three Cys residues in each figure being equated, then again some weak correspondences can be seen. The spacings of Cys residues are similar but not coincident. Regions of aromatic and hydrophobic residues are found in both cases before the first Cys. In US8 Region 2, there is a Tyr in all cases three residues before the second Cys, and also in five out of seven cases in the US4, US6 and US7 sequences. This comparison differs from the preceding one in that the spacings of Cys residues are less convincingly similar. My conclusion, therefore, is that the current analysis only warrants registering as a possibility that the US8 sequences may be related in origin to the others.
Searches for non-herpesvirus homologues of the S region glycoproteins
The S region of alphaherpesvirus genomes may be derived from a non-herpesvirus source (see McGeoch, 1989) , and it was therefore of interest to examine whether the conserved sequence features discussed in this paper might have counterparts in any known nonherpesvirus proteins. A variety of searches were made in the NBRF and Swissprot amino acid sequence libraries, but did not turn up any possibly authentic homologues. For instance, using the sensitive method of profile searching (Gribskov et al., 1987) as implemented in the GCG program set, a profile based on the conserved Cyscontaining region of the US4, US6 and US7 sequences (see Fig. 3 ) was used to search the Swissprot library. All of the relevant herpesvirus proteins scored more highly than any other sequence, and no other candidate sequence appeared at all convincingly similar on examination. A search using Region 2 of the US8 proteins was also negative.
Discussion
The inferences and proposals in this paper were based on comparisons among amino acid sequences. The similarities detected fall in a range of strengths, and so accordingly do the weights given to the conclusions. The strongest similarities are found within each of the sets termed US4-related, US6-related, US7-related and US8-related. These resemblances are easily detected, as noted previously by a number of authors, and they unambiguously define corresponding genes in the herpesvirus genomes compared. The only assignment of any complexity is in the US4 set, where it appears that the HSV-1 gene must have suffered a large internal deletion. The relationships reveal that these glycoprotein genes are similarly arranged in all the genomes.
The resembLances among the US4, US6 and US7 sets in their Cys-containing regions represent a lower level of similarity. However, examination of all these sequences together does allow the confident conclusion that they are related. The proposal that the related subsequences form a defined structural unit or domain is a minimal extrapolation from the observed relatedness, the size of the sequences and their content of Cys residues.
At still lower levels of sequence similarity, the proposed evolutionary relationship between the two Cyscontaining sections within the US8-related polypeptides can only be regarded as tentative, and the relationship between the US8 set and the others as distinctly speculative. If these cases do represent evolutionary relatedness, then mutation has all but destroyed visible sequence similarity. This is a plausible scenario, given the known plasticity of herpesvirus genomes to extensive change (see McGeoch, 1989) . Also, it is now recognized that polypeptide three-dimensional structure, and thus function, may be preserved beyond any visible sequence similarities; thus, firm evidence for these relationships may be obtainable only from structural analysis of the proteins (see Bashford et al., 1987) .
Thus it is regarded as certain that the US4-, US6-and US7-related genes of the alphaherpesviruses developed by processes of duplication and subsequent divergence. The small US5 genes of HSV-1 and HSV-2 may have originated similarly, either by partial duplication or by duplication followed by extensive deletion. The possible relationships involving the US8 set are attractive in that they allow consideration of the entire glycoprotein gene array as resulting from duplication events starting with a single progenitor gene.
Discussion of the possible temporal order of duplications which generated present day genomes quickly becomes speculative. However, it is interesting to note that VZV has representatives of only two of these glycoprotein genes (US7 and US8 equivalents). If this represents an early stage in the expansion of the array rather than a later large scale deletion, then the lineage leading to VZV must have diverged first, from that leading to HSV and PRV. This is consistent with the fact that VZV has a genomic DNA of 46% G + C (Davison & Scott, 1986) , very distinct from those of HSV-1 (68% G + C; McGeoch et al., 1988) and PRV (72% G + C; Graham et al., 1972) . In the HSV and PRV lineages, duplications starting with the US7 gene would then give rise, directly or secondarily, to the US4 and US6 genes. These suggestions may carry an implicit simplification, inasmuch as they assume that after a duplication event one copy of the gene continues to specify a functionally unaltered protein, while the other copy evolves to specify novel functions. An alternative possibility, which could be valid at least for virion-surface, membrane-anchored proteins, is that functions could become partitioned among the progeny gene copies during subsequent evolution. This point rationalizes the facts that a US7 but not a US6 equivalent exists in VZV, whereas in HSV-1 the US6 gene product (gD) is essential and the US7 product is not.
